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THz spectroscopy has been widely employed in the last two decades for research in solid-state-physics, biology, medicine and industrial production. A new frontier is represented by the possibility of generating sub-picosecond coherent THz pulses suitable to manipulate and control material properties. To this aim, pulse energy from µJ to mJ and peak electric field beyond 100 kV/cm are needed. The key advantage of using THz radiation instead of, e.g., visible, is that the former can couple resonantly to electronic, magnetic and vibrational degrees of freedom of compounds, thus offering an extremely wide range of excitations to be explored^[@CR1]--[@CR10]^.

In the last decade, THz coherent synchrotron radiation (CSR) from dipole magnets has been collected at last generation storage ring light sources^[@CR11]--[@CR20]^. In spite of peak electric field well below the kV/cm-level and of the relatively low peak power, a high average photon power is obtained by virtue of the ∼1--500 MHz pulse repetition rate. Production of pulses as short as ∼1 picosecond requires a dedicated electron optics for the storage of few, high charge bunches. This optics, however, is not deemed to be compatible with the standard multi-bunch filling pattern of those user facilities. Sub-picosecond photon pulses can be produced by means of the so-called femto-slicing technique^[@CR21]--[@CR25]^. The short pulse duration is obtained at the expense of at least 4 orders of magnitude lower peak photon flux w.r.t. standard synchrotron radiation emission, and repetition rates typically lower than ∼100 kHz.

In the last few years significant advances in laser-based THz techniques, namely optical rectification and optical parametric amplifiers, have demonstrated the possibility to achieve the pulse energies required for nonlinear studies over the full THz range^[@CR26]--[@CR28]^. Unfortunately, organic crystals used as THz emitters, especially in the 1--10 THz range, suffer from limitations in terms of peak power and repetition rate due to their low radiation damage threshold; they are also limited in bandwidth due to the presence of phonon resonances responsible for the THz gaps. Generation of THz in air and noble gases using a laser-gas interaction^[@CR29]--[@CR31]^ might overcome the bandwidth limit and the damage threshold, at the expense of photon pulse energies typically below the μJ-level.

A THz source based on a radiofrequency linear accelerator (linac)^[@CR32]--[@CR39]^ does not suffer, in principle, from any of the above-mentioned limitations in terms of peak electric field, pulse energy and duration. In the last decade, electron linacs have been built in order to shorten the electron bunch to sub-millimeter lengths, so emitting THz radiation in the so-called super-radiant regime^[@CR40]^. A dedicated linac-based THz source can provide radiation with high average power (e.g., by virtue of superconducting RF linac technology) and narrow bandwidth (e.g., when THz emission is generated in an undulator). Unfortunately, construction of such a dedicated THz source implies costs commonly much larger than those of a laser-based one.

This study demonstrates that coherent transition radiation (CTR) with state-of-the-art features -- sub-picosecond duration, up to nearly 80-µJ pulse energy in the THz gap -- was produced by exploiting the electrons' interaction with CSR emitted in the post-undulator dispersive region of the EUV FERMI free electron laser (FEL)^[@CR41],[@CR42]^. THz radiation with those characteristics finds application in experiments involving, for example, resonantly exciting collective modes as phonons, polarons, charge/spin-density-wave gaps, superconducting gaps in high-temperature superconductors and plasmons.

A sketch of the FERMI electron beam delivery system is shown in Fig. [1](#Fig1){ref-type="fig"}. Since the electron beam manipulation for CTR emission occurs after lasing, the scheme allows the TeraFERMI photon beamline^[@CR43],[@CR44]^ to run in parasitic mode to the FEL. The THz pulse is self-synchronized to the FEL emission thus opening, in principle, a wide range of scientific applications in pump-probe configurations. By virtue of the relatively simple set up, the scheme promises dissemination of user-oriented multi-THz beamlines at existing and planned FEL infrastructures.Figure 1Top: sketch, not to scale, of the FERMI FEL1 beam delivery system. Only the first magnetic bunch length compressor (BC1) is routinely active for lasing. Start-to-end simulations of the electron beam dynamics were carried out, for diverse linac settings, from the Gun (G) through the linac sections (L0--L4) until the Main Beam Dump (MBD), where the Al target for CTR emission is installed. Bottom: 3-D rendering of the MBD, from the FEL post-undulator region to the dump. The active dipole magnets, named "Dipole 1" and "Dipole 2" in the figure, are long 1.12 m and 2.44 m, with bending angles of 15.7 deg and 31.4 deg respectively. Three quadrupoles between "Dipole 1" and "Dipole 2" tune the momentum compaction (R~56~) of the beam line. CTR is emitted at the 1 µm-thick Al target. Four quadrupoles installed upstream of the first dipole control the beam envelope along the line without affecting the R~56~ value. The transverse RMS beam sizes at the CTR target are kept smaller than 0.5 mm. Steering magnets and beam position monitors (not shown) allow control of beam trajectory. While electrons are bent and eventually dumped, FEL propagates straight to the downstream experimental hall (EH).

Concept {#Sec2}
=======

CTR is generated by a ∼1 GeV energy-electron beam passing through a 1 µm-thick Al foil, at the repetition rate of 10 or 50 Hz. The foil is installed at the end of the post-undulator Main Beam Dump line (MBD) shown in Fig. [1](#Fig1){ref-type="fig"}. Backward-emitted CTR is collected in vacuum by the TeraFERMI photon transport line^[@CR45]^. The full width duration of the electron bunch prepared for lasing, thus entering the MBD line, is approximately 1 picosecond full width. In order to maximize transition radiation intensity at frequencies of 1 THz and above, a sub-picosecond charge density structure, i.e., a kA-level current spike is generated in the bunch passing through the MBD, before reaching the Al target. Doing so, radiation is emitted coherently in the multi-THz range at several tens of µJ-energy per pulse, as shown below.

Three quadrupole magnets allow the tuning of the MBD linear momentum compaction (R~56~)^[@CR46]^. This determines the electron bunch length compression factor (CF) that, at first order in the particle coordinates, results:$$\documentclass[12pt]{minimal}
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                \begin{document}$${E}_{b}$$\end{document}$. The energy chirp at the entrance of the MBD contains linear and quadratic terms induced by linac wakefields^[@CR47],[@CR48]^ (see later Fig. [2](#Fig2){ref-type="fig"}). The chirp, however, further evolves along the line because of the interaction of leading electrons with CSR emitted by trailing ones, as the bunch propagates through dipole magnets. The longitudinal electric field associated to such a CSR tail-head interaction is often referred to as CSR wakefield. The energy chirp is eventually dominated by this interaction.Figure 2Left: simulated and measured electron beam longitudinal phase space at the end of the FERMI linac, at the beam energy of 1308 MeV (see also Table [1](#Tab1){ref-type="table"}); bunch head is at negative time coordinates. The comparison reveals very similar mean energy, energy spread, pulse duration, linear and higher order energy chirp components. The current profile is approximately flat at the level of ∼600 A (the measured phase space is upper-shifted w.r.t. the simulation for visualization). Right: betatron functions (β~x,y~) and horizontal energy-dispersion function (η~x~) from the exit of the FERMI undulator to the Al target (see Fig. [1](#Fig1){ref-type="fig"}). These functions were calculated starting from Twiss parameters measured in front of the undulator, and for the actual quadrupoles setting. They correspond to R~56~ = 19 mm. Measured (simulated) RMS beam sizes at the screen in front of the target were: 0.37 (0.33) ± 0.03 mm horizontal, 0.09 (0.08) ± 0.03 mm vertical.
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                \begin{document}$${h}_{1} < 0$$\end{document}$ is produced at the bunch head, i.e., leading particles are moved to higher energy with respect to trailing ones. Inspired by the idea of using the CSR wakefield to manipulate the electron beam energy distribution^[@CR51]^, the FERMI dump line was designed to enhance the CSR wakefield by adopting relatively long and large angle dipole magnets, and for producing a tuneable but yet relatively large and positive R~56~. This term couples with the CSR-induced negative energy chirp (see Eq. [1](#Equ1){ref-type=""}) and, as shown in the following, generates a ∼100 fs-long leading current spike that radiates coherently in the THz range.

Theoretical and Experimental Results {#Sec3}
====================================

In a preparatory phase to lasing, the duration of the electron beam produced by the FERMI injector was time-compressed by a factor 8 in a magnetic chicane (BC1 in Fig. [1](#Fig1){ref-type="fig"}) at the beam energy of ∼280 MeV. The electron bunch longitudinal phase space was measured at the linac end (exit of L4 in Fig. [1](#Fig1){ref-type="fig"}), at the energy of 1308 MeV, by means of a vertical RF deflector in combination with a horizontal spectrometer magnet^[@CR52]^. The RF deflector translates the particle vertical coordinate, imaged at a downstream screen, into time coordinate, from which the bunch length information can be recovered after proper calibration of the deflecting strength. The spectrometer magnet excites energy dispersion that allows one to relate the horizontal coordinate at the screen to particle energy. The measured phase space was faithfully reproduced in start-to-end particle tracking runs done with GPT code^[@CR53]^ (for the linac injector) and elegant code^[@CR54]^, see left plot of Fig. [2](#Fig2){ref-type="fig"}. Tracking was successively carried out until the Al target, including geometric and longitudinal space charge impedance as well as CSR wakefield in dipole magnets^[@CR55]^. Simulations confirm that the phase space does not change from the linac end to the entrance of the dump line.

At the linac exit, the linear energy chirp in the head of the bunch was approximately −2 MeV/ps. The energy chirp induced by the CSR wakefield in the two dipole magnets shown in Fig. [1](#Fig1){ref-type="fig"}, for beam parameters in Table [1](#Tab1){ref-type="table"}, is predicted to be −6 MeV/ps or $\documentclass[12pt]{minimal}
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                \begin{document}$$\,{h}_{1,CSR}\approx -\,23\,{m}^{-1}$$\end{document}$, and therefore it dominates the time-compression of the bunch head through the dump line. An optics setting which provides R~56~ = 20 mm, for instance, is expected to increase the bunch head peak current by a factor ∼2, thus reaching the kA-level at the target.Table 1Electron beam parameters of the THz experimental sessions. The asterisc (\*) means "at the linac end".ParameterValueUnitsBunch Charge0.7nCInitial Bunch Duration2.8psMean Energy\*1308871MeVHor. Norm. Emittance\*2.11.8µmVert. Norm. Emittance\*1.71.5µmCompression Factor\*88, 11Bunch Duration\*0.350.35, 0.25psPeak Current\*560560, 750ATransverse Sizes at the Al target\<0.5 (x), \<0.2 (y)mmR~56~ of the dump line5, 1937mm

While control of the beam longitudinal dynamics relies, as said, on the benchmarking of the longitudinal phase space at the linac end, the beam transverse motion was kept under control by measuring the transverse emittances and the optical Twiss parameters in front of the undulator with the quadrupole scan technique^[@CR56]^. Those parameters were tracked down to the dump line in accordance to the experimental quadrupoles' setting, and are shown in the right plot of Fig. [2](#Fig2){ref-type="fig"}. The simulated transverse beam sizes at a screen installed 0.3 m upstream of the Al target (see Fig. [1](#Fig1){ref-type="fig"}) were found in agreement with the experimental ones, as depicted in the caption of Fig. [2](#Fig2){ref-type="fig"}. It is worth pointing out that the horizontal beam size at the screen in proximity of the Al target is expected to be dominated by the energy dispersion function, *η*~*x*~, in accordance to the setting of the MBD magnetic lattice, and by the beam energy spread: $\documentclass[12pt]{minimal}
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Table [1](#Tab1){ref-type="table"} summarizes the electron beam parameters and the accelerator setting discussed so far. Two additional linac configurations at lower beam energy are also shown, and discussed below. For each configuration, the aforementioned control of longitudinal phase space and optics was accomplished.

CTR pulse energy and spectrum were calculated by applying the generalized Ginzburg-Frank formula, corrected by the prescription for far-field emission^[@CR57]^, to the electron bunch distribution simulated at the Al target. The expected value of the photon pulse energy was compared with the one measured by means of a pyroelectric detector installed after a Diamond window, in proximity of the target.

In order to demonstrate that, as predicted by the model, a larger R~56~ increases the bunch head peak current and therefore the THz radiation intensity, pulse energies were measured for two optics settings of the dump line, named "OS1" (R~56~ = 5 mm) and "OS2" (R~56~ = 19 mm), at fixed CF in the linac (beam and linac parameters in Table [1](#Tab1){ref-type="table"}, E = 1308 MeV). Figure [3a](#Fig3){ref-type="fig"} shows the electron beam current profiles corresponding to OS1 and OS2, simulated at the target starting from the measurement shown in Fig. [2](#Fig2){ref-type="fig"} -left plot, plus an unphysical case *without* CSR. A 3 kA, 100 fs-long current spike is obtained for OS2. In this case, the CTR calculation in Fig. [3b](#Fig3){ref-type="fig"} reveals that a significant frequency content is present up to 8.5 THz. Namely, at 8.5 THz the emission still contains 0.5 μJ energy over a 10% bandwidth, a value which is plausibly high enough to induce nonlinear effects in matter. The theoretical pulse energies integrated over the bandwidth 0.01--10 THz and represented by solid lines in Fig. [3c](#Fig3){ref-type="fig"}, are compared with the measured ones (dots with error bar). A striking agreement is achieved only when CSR is included in the simulations. It is worth mentioning that the multi-THz frequency content predicted in Figs [3b](#Fig3){ref-type="fig"} and [4b](#Fig4){ref-type="fig"} reflects typical spectral measurements collected during TeraFERMI operation, see for example Supplementary Information and Fig. [3](#Fig3){ref-type="fig"} in^[@CR44]^.Figure 3(**a**) Simulated electron bunch current profiles at the Al target for two optics settings of the dump line (OS1-red and OS2-green). For comparison, a case without CSR in the dump line dipole magnets is shown (violet), see also Table [2](#Tab2){ref-type="table"}. (**b**) Calculated CTR spectra. A threshold of 20 dB from the main intensity peak is indicated by the gray area. (**c**) Solid lines: CTR pulse energy integrated over the frequency range 0.01--10 THz and calculated from the above current profiles. Dots with error bars: measured pulse energy, see also Table [2](#Tab2){ref-type="table"}. The pulse energy values refer to emission at the Al foil, i.e., actual measurements are reduced by ∼30% from the shown values because of the transmission efficiency of the Diamond window installed between the foil and the pyroelectric detector. Electron beam and linac parameters are in Table [1](#Tab1){ref-type="table"}, for the beam energy E = 1308 MeV at the linac end.

To additional highlight the relevance of the CSR wakefield for the production of THz radiation, another series of measurements was carried out with a fixed R~56~ in the dump line (beam and linac parameters in Table [1](#Tab1){ref-type="table"}, E = 871 MeV), and for two values of the linac CF, named "CF1" (CF = 8) and "CF2" (CF = 11). A shorter bunch at the entrance of the dump line is expected to emit stronger CSR field. This produces a larger negative chirp and therefore a higher leading current spike, thus more intense THz emission. Figure [4a](#Fig4){ref-type="fig"} shows two current profiles simulated at the Al target for the two values of the linac CF, plus an unphysical case *without* CSR. Similarly to Fig. [3c](#Fig3){ref-type="fig"}, the measured pulse energies in Fig. [4c](#Fig4){ref-type="fig"} confirm the expectations only when CSR is included in the simulations.Figure 4(**a**) Simulated electron bunch current profiles at the Al target for two compression factors in the linac (CF1-yellow and CF2-brown) and fixed R~56~ in the dump line. For comparison, a case without CSR in the dump line dipole magnets is shown (cyan), see also Table [2](#Tab2){ref-type="table"}. (**b**) Calculated CTR spectra. A threshold of 20 dB from the main intensity peak is indicated by the gray area. (**c**) Solid lines: CTR pulse energy integrated over the frequency range 0.01--10 THz and calculated from the above current profiles. Dots with error bars: measured pulse energy, see also Table [2](#Tab2){ref-type="table"}. The pulse energy values refer to emission at the Al foil, i.e., actual measurements are reduced by ∼30% from the shown values because of the transmission efficiency of the Diamond window installed between the foil and the pyroelectric detector. Electron beam and linac parameters are in Table [1](#Tab1){ref-type="table"}, for the beam energy E = 871 MeV at the linac end.

A summary of the experimental settings of the dump line, of the simulated and of the measured THz-pulse energy is given in Table [2](#Tab2){ref-type="table"}. The pulse energy values refer to emission at the Al foil, i.e., actual measurements are reduced by ∼30% from the shown values because of the transmission efficiency of the Diamond window (transmission efficiency is ∼70% at all wavelengths of interest here) installed between the foil and the pyroelectric detector. The uncertainty on the pulse energy value is dominated by the RMS fluctuation of the THz signal collected by the detector, which is typically smaller than 10%. A representative long-term behaviour of the THz signal is shown in Fig. [5](#Fig5){ref-type="fig"}. The striking agreement of measured and predicted pulse energies for all the cases considered, and the energy reduction found in the simulation when CSR is not included, are a conclusive demonstration of the validity of our modelling.Table 2Momentum compaction of the beam dump line (R~56~), bunch duration at its entrance (σ~t,i~), measured and simulated pulse energies in the 0.01--10 THz range. Pulse energies simulated without CSR are in italics. The error on the measured energy value is dominated by the signal RMS fluctuation.ConfigurationR~56~ \[mm\]σ~t,i~ \[ps\]E \[µJ\] simul.E \[µJ\] meas.OS150.355150 ± 4OS2190.358077 ± 7*OS2 No CSR190.3548*CF1370.353433 ± 3CF2370.258276 ± 7*CF2 No CSR370.2566*Figure 5Left: TeraFERMI pyroelectric detector signal (red line is the moving average signal) vs. time. Right: statistical distribution of counts. The RMS fluctuation over 35 minutes is 7%. Typical fluctuations during FEL operation are smaller than 10%.

Conclusions and Final Remarks {#Sec4}
=============================

Production of intense and multi-THz sub-picosecond CTR is predicted by exploiting the CSR wakefield in the dump line of the FERMI FEL. Coherent transition radiation with two intensity peaks at ∼0.3 THz and ∼1.5 THz, and extending up to 8.5 THz with intensity above 20 dB w.r.t. the main peak, is expected. Calculations of THz emission, starting from experimental electron beam parameters of the FERMI FEL, predict up to 80-µJ pulse energy integrated in the range 0.01--10 THz.

The enhancement of the photon pulse energy as a function of the momentum compaction of the FERMI dump line and of the incoming bunch length was verified experimentally. The systematic agreement of measured and calculated pulse energy for different accelerator and dump line optics settings confirms the fundamental role played by the CSR wakefield in generating a ∼0.1 ps long, ∼kA level-current spike in the bunch head, when a positive linear momentum compaction is established. We have therefore shown that the CSR wakefield provides a cost-effective and easy-to-implement technique to compress further the electron bunch, or a portion of it, downstream the FEL emission. As a result, this study demonstrated the independent tuning of THz and EUV FEL emission, thus the parasitic mode of operation of TeraFERMI with respect to the FEL.

In a wider perspective, the demonstrated manipulation of the electron beam after FEL emission goes in the direction of enlarging in a practical and cost-effective way the number of simultaneous users at a linac-driven light source^[@CR58],[@CR59]^. A dissemination of coherent THz sources at existing and planned FEL user facilities in the 1--2 GeV beam energy range is envisioned. An extension of the scheme to higher beam energies is possible, as discussed here in brief. The CSR-induced relative energy chirp is proportional to peak current over beam energy. While soft and hard x-ray FELs^[@CR60]--[@CR64]^ run at beam energies as high as 2--17 GeV, they also require bunch peak currents commonly in the range 3--10 kA, in order to drive intense FEL emission in the x-rays. The aforementioned scaling implies that a CSR-induced energy chirp comparable to or larger than the one presented in this study (compare with parameters in Table [1](#Tab1){ref-type="table"}) can be produced even at the highest beam energies. Values of R~56~ of the order of several tens of millimeters can be obtained with standard magnet technology. At the same time, some limited control of the bunch length after lasing has to be expected because of chromatic aberrations related to the large energy spread induced by highly efficient FEL emission.

This study paves the way to additional electron beam manipulation in FEL post-undulator region, such as the adoption of a metallic corrugated structure for generating either a profound linear energy chirp^[@CR65]--[@CR67]^ or a THz-scale energy modulation^[@CR68]^, and successive conversion to density modulation through an energy-dispersive magnetic lattice, for quasi-monochromatic, multi-THz CTR emission. This scheme is presently under study for an upgrade of the TeraFERMI performance.
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